Introduction
Commonly known as the Monkey Puzzle tree or Pehuén, Araucaria araucana (Molina) K. Koch (Araucariaceae), is an impressively large and long-lived conifer, attaining 50 m in height, 2.5 m in girth and reaching ages of at least 1300 years (Montaldo, 1974) . Its current distribution spans only three degrees of latitude and is divided between a main area straddling both sides of the Andean divide in Chile and Argentina, and two disjunct populations in the Coastal Range of Chile (Figure 1 ). The present distribution is a remnant of a more extensive former distribution, which has been severely diminished by logging, human-set fires and land clearance since European colonisation (Veblen, 1982) .
The ecology of Monkey Puzzle is disturbance-driven, principally by volcanism, fire, landslides and wind, and it has developed effective adaptations, such as thick bark and epicormic buds, to survive such disturbances (Burns, 1993 cal events, such as glaciation. All pairwise genetic distance values derived from analysis of molecular variance (⌽ ST ) were significant when individual pairs of populations were compared. Although populations are geographically divided into Chilean Coastal, Chilean Andes and Argentinean regions, this grouping explained only 1.77% of the total variation. Within Andean groups there was evidence of a trend of genetic distance with increasing latitude, and clustering of populations across the Andes, suggesting postglacial migration routes from multiple refugia. Implications of these results for the conservation and use of the genetic resource of this species are discussed. Heredity (2002) 88, 243-249. DOI: 10.1038/sj/hdy/6800033 occasionally be monoecious with predominantly gravitydispersed seed and wind-dispersed pollen. Both seed and pollen are relatively heavy and may not disperse over large distances (Muñ oz, 1984; Heusser et al, 1988) , although seed dispersal may be assisted by parakeets and other animals (Finckh and Paulsch, 1995) . Asexual reproduction by root suckering has been reported (Schilling and Donoso, 1976 ), but it is unknown how important this process is to population maintenance and expansion (Veblen et al, 1995) .
Monkey Puzzle is a socially significant species, producing high-quality timber and providing a unique resource for tourism and recreation. The tree figures importantly in the religion of the native Pehuenche people and is also valued for its large, edible seeds which are extensively collected for local markets (Aagesen, 1998a; Tacón, 1999) . Monkey Puzzle has been classified under IUCN guidelines as vulnerable (Farjon and Page, 1999) and is currently officially protected in both Chile and Argentina as well as internationally through listing in Appendix I of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES). Despite its protected status and exceptional ecological, economic and cultural significance, this species continues to experience intense humaninduced pressures, such as grazing, burning and harvesting, both for timber and seeds (Aagesen, 1998b) . Table 1 for details). The diagonal line represents the genetic division found by Marchelli et al (1998) for Nothofagus nervosa.
The preservation of genetic diversity has become a common objective of most conservation programmes (Burgman et al, 1993; Geburek, 1997) and defining genetic diversity within and among natural populations is a necessary first step to achieving this goal (Holsinger and Gottlieb, 1991) . Molecular techniques are also becoming increasingly important tools in conservation as a means of identifying otherwise unobservable demographic processes (Haig, 1998) and for understanding the consequences of historical events, such as range expansion, fragmentation and bottlenecks for the distribution of populations (Moritz, 1995) .
A large number of methodologies exist for the assessment of genetic diversity in tree species, including several techniques that assess variation of DNA directly (see review by Newton et al, 1999) . One of these techniques, RAPDs (random amplified polymorphic DNA) has proved to be particularly valuable in this context, owing to the wide availability of commercial primers and the lack of any need for DNA sequencing information prior to analysis (Williams et al, 1990) . The use of RAPDs as markers in population genetic studies for tree species has been well established (Chalmers et al, 1992; Yeh et al, 1995; Gillies et al, 1997; Allnutt et al, 1999) and the ease and efficiency of this method makes it a desirable option (Parker et al, 1998) . The limitations of RAPD markers have been summarised by several authors (for example Harris, 1999) , including problems associated with reproducibility and product homology. However, RAPDs can provide valuable data about patterns of variation within and among populations of a species (Rieseberg, 1996) , provided data are treated correctly (Lynch and Milligan, 1994) .
In view of the geographic separation of coastal and Andean populations of Monkey Puzzle and the wide ecological range within its distribution, some degree of genetic differentiation may be expected. Delmastro and Donoso (1980) speculated that racial divergence was probable between coastal and Andean populations and observed some differences in plant form and the degree of vegetative reproduction, although the genetic basis of these traits was not assessed. They also predicted differences across the Andean range, as a result of the major climatic variation; annual precipitation varies from as little as 500 mm on the Argentinean steppe to as much as 4000 mm on west-facing slopes in Chile, over an elevation range from 600 m to almost 2000 m above sea level.
The genetic diversity of Monkey Puzzle has been investigated in a previous study (Rafii and Dodd, 1998) using proportional composition of foliar epicuticular wax alkanes. A high level of intrapopulation variation was found for the four populations studied, as well as a regional difference between the east and west sides of the Andes, which was greater than the differentiation between Andean and coastal Chilean populations. This was thought to reflect genetic adaptation to the more arid conditions on the eastern side of the Andes, although only four populations were sampled from a very restric-ted geographical area. Apart from this preliminary study, nothing is known of the patterns of genetic variation within this species.
In this paper, baseline data are provided on the extent and distribution of RAPD variation within and among natural populations of Araucaria araucana. Additionally, an attempt has been made to identify factors that may have influenced the partitioning of genetic diversity and to make recommendations for conservation planning with respect to protecting the genetic resource of this species.
Materials and methods
Study sites and sample collection Samples were collected from 13 populations from throughout the natural range of the species (Table 1 and Figure 1 ). Sites were chosen to include areas on both Chilean and Argentinian sides of the Andes and within the Coastal Range of Chile. The locations of populations of Monkey Puzzle in Chile were provided by CONAF et al (1999) . The species distribution within Argentina is less well documented and a sampling strategy was designed based on existing distribution maps and consultation with experts.
Leaf samples were obtained from a total of 195 trees from 13 populations. Trees were selected randomly for sampling within each population, but were separated by a minimum distance of 100 m where possible to avoid sampling closely related or genetically identical individuals. An effort was made to ensure sampled trees were as mature as possible, and preferably larger than 30 cm diameter at breast height (dbh), although it was necessary to sample smaller trees from some populations where access to larger trees was restricted.
For each population, 15 individuals were sampled, although during the analyses one and two individuals were omitted randomly from the upper and lower Conguíllo populations respectively, to limit the number of samples to 192. This was necessary to enable RAPD analyses of all samples to be undertaken simultaneously, hence reducing error in comparison of RAPD profiles between different PCR runs (Harris, 1999) . Five to 10 fresh leaves (depending on leaf size) were collected from each tree and placed into plastic sealable bags containing Heredity 10 g of silica gel (S4883 silica, Sigma Chemical Company) for rapid drying and preservation of leaves.
RAPD reactions
The DNA isolation method of Doyle and Doyle (1990) was adapted for Monkey Puzzle leaf tissue. RAPD reactions were performed using the conditions described by Allnut et al (1999) , although 2.5 rather than 1.5 mM or MgCl 2 was used. Only RAPD bands that could be unequivocally scored were counted in the analysis. Forty arbitrary primers were screened for suitability on a small number of representative individuals (kits OPB and OPE, Operon Technologies, Alameda, CA, USA). Eleven primers which consistently revealed clear patterns were chosen for analysis of the entire sample set. Primers were replicated to ensure that results were repeatable.
Data analysis
Each PCR product was assumed to represent a single locus and was scored for presence (1) and absence (0). A Jaccard distance matrix was constructed and used as the input file for an analysis of molecular variance (AMOVA) (Excoffier et al, 1992) and to conduct a Principal Coordinates Analysis (The R Package, Vaudor and Legendre, 1991) . Variance components were estimated for: (i) within populations; (ii) among populations; and (iii) among regions. Regions were defined as populations within Argentina (east side of the Andes), populations on the Chilean side of the Andes and populations in the Chilean Coastal Range. The genetic distance matrix calculated among populations by AMOVA (⌽ ST ) was used to construct a minimum spanning tree (Felsenstein, 1993 ). Shannon's Index was calculated following the approach of Allnut et al (1999) and S pop was calculated as the mean value of S over all the populations sampled and the pooled species-level value was also determined. The percent polymorphic RAPD loci (%P) was also calculated for each population, as well as the mean value for all populations and a pooled species-level value. Geographic distances among populations were estimated from coordinates obtained using a geographical positioning system. The relationship between the (⌽ ST ) distance matrix and the matrix of geographic distances was analysed using a Mantel type matrix randomisation test (Mantel, 1967) . In this analysis, distances from one matrix are regressed onto distances in the other matrix being tested. Significance of regressions was evaluated by randomising one of the matrices 1000 times while keeping the other constant and determining the percentage of randomisations resulting in a regression exceeding the observed relationship. If the observed regression exceeded 95% of the randomly generated regressions, the observed regression was considered statistically significant.
Results

Genetic diversity
The 11 primers chosen for analysis were assumed to be a random sample of the genome and generated a total of 65 polymorphic and 17 monomorphic bands. Each of the 192 individuals from the 13 populations was found to have a unique multilocus genotype. No population-specific bands were observed in the data set. The relative degree of diversity in each population as measured by Shannon's index varied from 0.58 (A) to 0.70 (D) ( Table  2 ). The mean diversity for all populations (S pop ) was 0.65 and the pooled species-level value was 0.69. Percent polymorphic RAPD loci varied from 54.9 (L) to 79.3 (B and K). The mean percent polymorphic loci for all populations was 68.4 and the pooled species-level value was 79.3 (Table 2) .
Relationship among populations and regions and with geographic distance
The partitioning of genetic variation was examined by AMOVA. Although most of the variation (87.2%) was found within populations, a significant proportion was attributable to differences among populations (11%) and regions (1.77%) (P Ͻ 0.002 and P Ͻ 0.05 respectively, tested using a 500 replication bootstrap). All pairwise ⌽ ST values derived from AMOVA were significant (P Ͻ 0.001) when individual pairs of populations were compared (Table 3) .
Principal co-ordinate analysis (PCO) was conducted to further examine relationships among populations and regions. The first three principal coordinates of RAPD distances described 10.6%, 4.9% and 3.9% of the variation respectively. Since the PCO explained such a small proportion of the variation in three dimensions, any twodimensional representation would be unreliable. Effectively, the same result is achieved for Nonmetric Multidimensional Scaling ordination for which stress II values remained above 0.4 (Legendre and Legendre, 1983) . Data are inherently high dimensional and cannot be reduced to two or three dimensions to aid visual discrimination. However, the minimum spanning tree (Figure 2) is not affected by the high dimensional data because it is generated by the underlying distance matrix. Although regions defined by the Coastal range, Chilean Andes and Argentinian Andes were found to be significantly different by AMOVA, only 1.77% of the total variation was explained, and the minimum spanning tree revealed clusters of populations spanning the three regions. The most northerly populations (M, J and D) were grouped together and were different from the most southerly Argentinian population (A) and to the two southern-most Chilean populations (E and F) (Figure 2 ). The analysis of pairwise ⌽ ST values suggested a northsouth trend in the Andean populations, such that the genetic distance tended to increase with increasing latitude (Table 3) . Another cluster was found between C, K and B; three populations spanning the Andes. The two most distinct populations were A and L (Figure 2 ). Conguillío upper (I) and lower (H) were not as distinct as they appeared on the minimum spanning tree; the ⌽ ST distance between them is only 0.06 (Table 3 ). The regression of ⌽ ST values with geographic distance was significant (P Ͻ 0.05).
Discussion
Despite probable historical population contractions (Heusser et al, 1988) and an extremely restricted geographical range, genetic diversity in Araucaria araucana revealed by amplification of total cellular DNA with random primers is extensive. Shannon's Index of diversity and percent polymorphism were both relatively high for all populations (Table 2) . Although no extremely low values of Shannon's Index were found, the lowest values were detected for the most strikingly isolated populations with the fewest number of individuals (A and L from Table 1 ).
These data indicate that the extent of intraspecific variation found within Monkey Puzzle populations is generally comparable with other tree species studied (Table 4) . Despite the power of this study to detect important influences, the current data provide no evidence for genetic bottleneck effects resulting in a reduction in the overall genetic diversity of the species. However, the data also suggest that isolation or reduction in size may have reduced genetic variation within specific populations.
The extent and pattern of genetic variability within and among Monkey Puzzle populations may be affected by historical events, such as glaciation, volcanism and human activity. These events may explain the high level of within-population variation as well as the substantial proportion of among population variation (12.8%). This proportion is somewhat higher than average given the fact that it is an outbreeding, wind-pollinated species 247 Table 3 Pairwise ⌽ ST values calculated by AMOVA illustrating differentiation among populations of Monkey Puzzle. A-M refer to the populations sampled (see Table 1 ) (using Hamrick et al's 1992 criteria) with a restricted geographical range. Volcanism has played an important role in the distribution of the species, with records kept since AD 1640 showing frequent activity of volcanoes within the current distribution of the species (Casertano, 1963) . To a lesser extent, seed dispersal by indigenous people may also have influenced the current pattern of genetic variation, particularly for small populations outside the main distribution of the species (Veblen, 1982) .
Studies of other southern South American tree species have demonstrated the profound influence of glaciation history in partitioning present day genetic variation (eg, Fitzroya cupressoides (Allnutt et al, 1999 ; Premoli et al, et al, 1996 2000), Nothofagus nervosa (Marchelli et al, 1998) and Nothofagus nitida, N. betuloides and N. dombeyi (Premoli, 1997) ). During the Quaternary period the area in which Monkey Puzzle is currently distributed was affected by glacialinterglacial cycles. By the time of the last glacial maximum, 18000 to 20000 BP, glaciers covered most of the region, except for the Coastal Range (Heusser et al, 1988) . However, evidence from pollen analyses of other species suggests that glaciation occurred in patches leaving localized ice-free areas which provided potential refugia for forest taxa (Markgraf et al, 1995) . Marchelli et al (1998) investigated the genetic variation within and among natural populations of Nothofagus nervosa, a species that is distributed on both sides of the Andes at similar latitudes to Monkey Puzzle. This study revealed a clear distinction between populations distributed south and north of a geographic divide, and this was suggested to provide evidence for multiple glacial refugia. The present study demonstrates a similar trend with a north-south distinction occurring at approximately the same latitude. The three northern-most populations (M, J and D) are clustered together and there is a distinction between these populations and the most southerly Argentinian and Chilean populations, A and E and F, respectively (Figure 2) . Additionally, the genetic distance between the northern populations and the Andean populations increased with latitude (Table 3 ) and a significant relationship was found between geographical and genetic distance among populations. A theory of multiple refugia is also in agreement with other studies investigating the effect of glaciation on the distribution of biota in this region (Moreno et al, 1994; Premoli et al, 2000) .
Heredity
The genetic distinctiveness of the small coastal population of Villa Las Araucarias (L) is an interesting result, particularly given its geographic proximity to the population in Nahuelbuta National Park (M). This population is also ecologically distinctive, occurring at an altitude well below the main distribution of Monkey Puzzle, and on granitic/metamorphic soil rather than typical volcanic soil. Together, these factors provide a strong argument for reviewing the current unprotected status of this population.
Regional differences
On the basis of Rafii and Dodd's (1998) finding of an east-west distinction and Delmastro and Donoso's (1980) prediction of racial divergence, genetic distinctions may be expected between the Coastal range, Chilean Andes and Argentinian Andes. Although these regions were found to be significantly different by AMOVA, this grouping explains less than 2% of the variation. Additionally, the minimum spanning tree revealed clusters of populations spanning the three areas (Figure 2) . Thus, the present study cannot support Delmastro and Donoso's (1980) prediction of racial divergence.
The contrast between results of this study and of those of Rafii and Dodd (1998) can be explained by differences in the sampling strategy and genetic markers employed. Different types of genetic markers yield different information about genetic diversity and population differentiation (Geburek, 1997) . Rafii and Dodd (1998) investigated genetic variation using terpenes, a method that is more likely to detect differences produced by the distinct growing environments on the east compared to the west side of the Andes, in particular the differences in annual precipitation. As a neutral marker, RAPDs are unable to discern differences in adaptive traits, but are more likely to capture variation resulting from historical events, such as postglacial migration (Ennos, 1996) . Additionally, Rafii and Dodd (1998) compared four populations, with only one population sampled from the east side of the Andes. The use of such a limited sample highlights a problem with many population genetics studies that infer broad geographic differences based on a sample of a few populations.
Implications for conservation
Recommendations for conservation based upon the findings of a survey of neutral variation in DNA are inherently limited (Ennos, 1996) and should be treated with caution until other proposed investigations have been completed (eg, quantitative genetics study, investigation of the effects of habitat fragmentation). A particular problem with dominant-recessive marker systems lies in the fact that genetic bottleneck effects may have a much greater effect on allelic richness than on genetic diversity (Petit et al, 1998) . Although percent polymorphic loci can potentially be used as an indicator of past demographic changes, a large sample size is required to detect effects. Another limitation is that large sample sizes are required to accurately measure levels of genetic diversity in studies of this kind (Lynch and Milligan, 1994) .
However, where this study may contribute to the conservation of Monkey Puzzle is in the identification of several populations that are genetically distinct and currently lack protection. In particular, the most genetically distinct populations A and L are highly fragmented, lack adequate protection and are heavily impacted by human activity. Results from the present study also have implications for ex situ conservation of Monkey Puzzle, such as is being undertaken by the International Conifer Conservation Program at the Royal Botanic Gardens, Edinburgh (Gardner, 1999 ). Because of the significant level of population differentiation, it is recommended that germplasm from different populations should be separately collected and propagated. Additionally, reforestation projects should ensure that local seed is used wherever possible.
On a cautionary note, it is possible that the long life cycle of Monkey Puzzle may be concealing the potential effects of habitat destruction and fragmentation on the level of genetic variation. As with most threatened species that have undergone rapid changes in population size and/or migration rate, molecular genetics studies may be misleading about contemporary population processes (Moritz, 1995) . For a species with such a massive generation time, the effects of genetic erosion may not be revealed for hundreds, if not thousands of years.
